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Using a Direct Simulation Monte Carlo technique, we have studied the time evolution of a cold
atom cloud interacting with a time dependent radio frequency (rf) dressed state potential. Exposure
of a cloud of 87Rb atoms, trapped in a quadrupole magnetic trap, to a time dependent rf-field with
increasing amplitude and decreasing frequency, shows a variation in the number of trapped atoms
and the overall shape of the atom cloud. It is shown by simulations that, initially at lower rf-field
strength, the rf-field results in ejection of atoms from the trap, leading to evaporative cooling of the
atom cloud. Later, at higher rf-field strength, the atoms undergo the non-adiabatic Landau-Zener
(LZ) transitions, which leads to their trapping in an rf-dressed state potential of toroidal shape. The
results of simulations explain the experimentally observed results. The simulations can be useful to
predict the atom cloud dynamics and trapping geometries with other forms of the potential.
PACS numbers: 03.75.Be, 37.10.Gh, 05.30.Jp, 67.85.-d, 39.25.+k
I. INTRODUCTION
The radio frequency dressed potentials (rf-dressed po-
tentials), initially proposed by Zobay and Garraway [1],
are considered as convenient tool to trap and manipulate
ultra-cold atoms in exotic forms [2–4]. Non-trivial trap-
ping geometries like ring trap, double well and shell traps
have already been demonstrated using potentials gener-
ated from various combinations of static magnetic field,
radio frequency (rf) field and far detuned laser beams [5–
14]. These trapping geometries provide opportunity to
explore basic physics of fermions and bosons in low di-
mensions, matter wave interferometry [15, 16], etc. The
ring shaped atom traps, besides being useful for funda-
mental studies, are also promising for the development
of atom gyroscope for precision rotation sensors for nav-
igation [17–19].
The rf-dressed potentials, also known as “adiabatic po-
tentials”, are energy eigenvalues of an interaction Hamil-
tonian for an atom interacting with an rf-field in presence
of a static magnetic field [1]. Dependence of these poten-
tials on the atom-field coupling strength and frequency
detuning of the rf-field with the Zeeman sub-levels tran-
sition frequency, make them inherently position depen-
dent and capable of providing interesting atom-trapping
geometries [3, 20–22]. The rf-dressed potentials also
promise a great flexibility of tailoring them by changing
the rf-field strength, polarization, frequency and phase
[14, 22]. By varying the rf-field parameters, the resultant
rf-dressed potential can be made time dependent, which
may be exploited for multiple purposes, such as initially
for evaporative cooling of atom cloud and then for trap-
ping in a designed geometry. Such an example of atom
trapping in a toroidal geometry has been demonstrated
∗E-mail: carijit@rrcat.gov.in
recently by our group by applying an rf-field of vary-
ing amplitude and frequency on a cloud of 87Rb atoms
trapped in a quadrupole magnetic trap [14].
In the earlier work [14], it was demonstrated that a
quadrupole magnetic trap was converted into a toroidal
shaped atom-trap, when the frequency and amplitude
of the applied rf-field were ramped (varied with time)
in the chosen way. In that work, the atom cloud was
characterized and studied after the end of the ramp of
the rf-field - when rf-field was left ON at a fixed final
frequency and amplitude. A natural curiosity, however,
related to these experiments, remains to understand the
various processes involved and their effect on the evolu-
tion of the characteristics of the atom cloud during the
ramp of the rf-field. In the present work, we have made
an attempt to understand the time evolution of the atom
cloud, in terms of variation in its shape and number of
atoms, during the rf-field ramp (i.e. during the transfor-
mation of the quadrupole trap into an rf-dressed toroidal
trap). We have performed the simulations considering
the atom cloud evolving in a time dependent potential
formed due to ramp of rf-field in presence of a static
quadrupole magnetic field. The simulations results have
been compared with the experimental observations.
In the simulations, we have used the Direct Simulation
Monte Carlo (DSMC) technique which is based on an
extension of the original proposal of Bird [23]. Different
variants of DSMC method have already been used to un-
derstand the evaporative cooling [24, 25] and expansion
cooling [26] of atoms. The results of simulations show
that, at lower rf-field strength and higher frequency (at
the beginning of ramp of the rf-field), the rf-field results
in ejection of atoms from the trap, leading to evapora-
tive cooling of the atom cloud. Later on, at higher rf-field
strength and lower frequency, the atoms can undergo the
Landau-Zener (LZ) transition which leads to their trap-
ping in an rf-dressed potential of toroidal shape. The re-
sults of these simulations explain well our experimental
observations related to temporal variation in the number
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2of atoms and shape of the atom cloud in the trap. Similar
simulations can be performed to predict the dynamics of
atom cloud with more sophisticated evolution of the po-
tential which can help in exploring more efficient cooling
and trapping schemes.
The DSMC method does not require the “sufficient er-
godicity” approximation and thus can simulate atomic
ensembles far from their equilibrium condition. This
makes DSMC technique more suitable to simulate our
experimental conditions where a fast ramp of the rf-field
parameters (amplitude and frequency) is considered. The
ergodicity assumption also fails if the mixing time of the
atomic samples is longer than the elastic collision time
[27]. For other situations, both classical and quantum
kinetic theories of truncated Boltzmann distribution of
the phase space provide the alternative approaches to the
evaporative cooling mechanism [28, 29]. But these treat-
ments are valid with the assumption of the “sufficient
ergodicity”, which means that the phase space density is
only a function of energy.
The article is organised as follows. The section II of
this article presents the theoretical background related
to the study along with the method of numerical simula-
tions. The experimental procedure, observations, results
of numerical simulations and the comparisons between
experiments and simulations have been presented in III.
The conclusion of our work is discussed in section IV.
II. THEORY AND SIMULATIONS
A. Trapping in rf-dressed potential
The hyperfine state |F = 2〉 of 87Rb is five fold de-
generate and splits into Zeeman sub-levels in presence
of a static magnetic field. We consider the atoms are
prepared in the |F = 2,mF = 2〉 state to trap them
in a quadrupole magnetic trap. It is assumed that the
trapping magnetic field is not very strong and the en-
ergy gap among Zeeman sub-levels varies linearly with
the field strength. Hence, an applied rf-field of appropri-
ate frequency can be simultaneously resonant to all the
transitions involving adjacent sub-levels. The rf-field is
considered to be ramped to have time varying amplitude
and frequency, as discussed specifically later, in a manner
as reported in our recent experimental work [14]. When
the rf-field is sufficiently strong (i.e. Rabi frequency is
high), the atom-field interaction is described better in
the “dressed state” [30] picture involving the diagonal-
ization of both the static and coupling Hamiltonian. In
our simulations, we first calculate the rf-dressed poten-
tial (using a formalism based on rotating wave approxi-
mation (RWA)) at any instant of time during the ramp
of the rf-field. The collision between atoms is formu-
lated in the degenerate internal state (DIS) approxima-
tion which neglects the Rabi oscillations during the col-
lisions, as collision between two cold 87Rb atoms occurs
locally in a sub-nanosecond time regime [21, 31]. This
approximation makes it possible to express the scatter-
ing amplitudes between pairs of dressed atoms in terms
of bare state scattering amplitudes discussed in detail in
an earlier work [32]. The process of rf-evaporation as
well as trapping of the atoms in the rf-dressed potential
has been studied numerically with the help of a DSMC
algorithm, which simulates the motion of an atom in the
time varying rf-dressed potential. In the simulations, the
Landau-Zener (LZ) transition probability is calculated
to ascertain if the atom is going to be trapped in the
rf-dressed potential or not. Depending upon this prob-
ability and the coordinates of the atom evolved in the
time dependent potential, the final atom cloud trapped
in the rf-dressed potential is constructed.
We consider the static quadrupole magnetic trap with
magnetic field distribution near the trap centre given by
BS(r) = Bq (x, y,−2z), where Bq is the radial field gra-
dient. In this trap, the transition frequency between ad-
jacent Zeeman sub-levels is given as,
ω0 =
gFµBBq
~
√
x2 + y2 + 4z2, (1)
where gF is the Lande’s g-factor, µB is the Bohr mag-
neton and ~ is the reduced Planck’s constant. We
consider an atom interacting with a static field BS(r)
and an rf-field of frequency ω with field vector compo-
nents Brf(t) =
(
Brf⊥1(t), B
rf
⊥2(t), B
rf
|| (t)
)
, where Brf⊥1(t),
Brf⊥2(t) and B
rf
|| (t) are the perpendicular and parallel
components of the rf-field respectively with respect to the
local static field vector BS(r). The interaction Hamilto-
nian for the atom-field interaction is given as [33] ,
H(t) =
gFµB
~
∑
i=1,2
FiB
rf
⊥i(t) + F3
(
|BS|+Brf|| (t)
) .
(2)
where Fi (i = 1, 2) are the hyperfine operators along the
Brf⊥1(t) and B
rf
⊥2(t) components and F3 is the hyperfine
operator along Brf|| (t).
If rf-field is taken to be of the form Brf(t) =[
Brf|| cos(ωt), B
rf
⊥1cos(ωt− γ1), Brf⊥2cos(ωt− γ2)
]
, then,
using a semi classical treatment under rotating wave ap-
proximation (RWA), the interaction Hamiltonian of eq.
(2) can be diagonalised to lead the energy eigen values
(i.e. rf-dressed potentials) given as,
V (r) = mF~
√
δ2 + |Ω|2, (3)
where
δ(r) = ω − ω0, (4)
|Ω|2 =
(gFµB
2~
)2 2Brf⊥1Brf⊥2 sin γ + ∑
i=1,2
(Brf⊥i)
2
, (5)
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FIG. 1: (Color online) Schematic of the variation in potential
energy of an atom with position in a quadrupole trap in pres-
ence of an rf-field. The continuous curves show the adiabatic
rf-dressed potentials (denoted with the subscript A) including
the coupling of rf-field with atom. The dashed lines show the
atom-field energy without coupling of rf-field with atom. The
red dots correspond to the atoms in |mF = 2〉A state while
the blue dots correspond to atoms in |mF = −2〉A state. The
width ∆ represents the interaction region where LZ transition
probability is high. For brevity, the potentials for only two
states are shown here.
and mF = -F to F for a given hyperfine state |F 〉. Here
δ is the detuning, Ω is the coupling strength (i.e. Rabi
frequency) for the adjacent Zeeman sub-levels and γ =
|γ1 − γ2|. Knowing δ and Ω, the potential V (r) can be
evaluated using Eqs.(3)-(5). The eigen states (i.e. rf-
dressed states), corresponding to these eigen values (i.e.
rf-dressed potentials V (r)) can be written in compact
form as,
|mF = j〉A =
F∑
k=−F
Cjk|mF = k〉, for j = −F, ..., F (6)
where |mF = k〉 are the bare sates corresponding to Zee-
man sub-levels of hyperfine level F , |mF = j〉A denotes
the dressed states and coefficients Cjk are the matrix ele-
ments of a unitary rotation matrix which transforms the
bare states to the dressed states. The values of few Cjk are
given in the Appendix in terms of the detuning and Rabi
frequency. A schematic of the variation in rf-dressed po-
tential energy of an atom with position is shown in Fig.
1 for two dressed states |mF = −2〉A and |mF = 2〉A.
The region with width ∆ = ~ΩµBgFBq represents the in-
teraction region where LZ transition probability is high.
This region where potential energy curves for two dressed
states come close to each other but do not cross each
other, unlike the bare state energy curves, is known as
the “avoided crossing”.
Further, eq. (2) can be extended to include the kinetic
energy of the atoms. The inclusion of atomic velocity
introduces non-adiabaticity in the system which allows
the transition between different dressed states near the
avoided crossing. These non-adiabatic transitions have
been addressed first by Landau and Zener for a two level
system and later by Vitanov and Suominen [34] for a
multi-level atomic system. The non-adiabatic Landau-
Zener transition probability within Zeeman sub-levels of
a hyperfine state F can be written as [7],
PLZ = (1− exp(−piΛ))2F (7)
where Λ = ~Ω
2
2gFµBBqv
and v is the velocity of the atom
with which it traverses the avoided crossing.
Irradiation of the rf-field transforms the initial trap-
ping state |mF = 2〉 in quadrupole magnetic trap to
|mF = −2〉A of the dressed quadrupole trap in which
atom experiences a finite potential depth due to the pres-
ence of the avoided crossings. The atoms with sufficient
velocity can climb this potential and reach the avoided
crossing region, where they either make a non-adiabatic
LZ transition to the other dressed state |mF = 2〉A or adi-
abatically follow the |mF = −2〉A state leading their ejec-
tion from the trap. In the low coupling regime, Ω → 0,
the low LZ transition probability PLZ favours the re-
moval of the atoms at the avoided crossing. At a higher
coupling strength, a larger PLZ favours more number of
atoms to make the non-adiabatic LZ transition to the
other dressed state and get trapped in the trapping po-
tential offered by that particular state. Hence by tailor-
ing the coupling strength, we can either conduct an evap-
orative cooling of the atom cloud trapped in a quadrupole
trap or transfer them to another potential landscape of
rf-dressed state (an ellipsoid in case of |mF = 2〉A).
A physical equivalence in the bare state and dressed
state pictures is as following. In the bare state picture of
evaporative cooling, atom in |mF = 2〉 state, while being
at the resonance to the rf field, makes a transition to the
|mF = −2〉 state and flies out of the trap. Whereas in
dressed state formalism, evaporation of atoms is accom-
plished by only following the |mF = −2〉A state, with-
out considering any transition. In this picture, the non-
adiabatic transition of an atom from the |mF = −2〉A
state to state |mF = 2〉A leads to trapping of the atom
in a different potential landscape corresponding to state
|mF = 2〉A.
The particular state |mF = 2〉A has potential min-
ima on the surface of an ellipsoid co-centred with the
quadrupole trap. With a suitable choice of strength of
static magnetic and rf- fields, and the high confinement
along the quadrupole trap axis (i.e. z-axis), the trapping
potential can form a toroidal trapping geometry. The
atoms with low velocity and at high coupling strength
have high probability to undergo LZ transition to the
state |mF = 2〉A at the avoided crossing and get trapped
in the minimum of this toroidal potential to form the ring
shaped cloud. Here it can be noted, an atom interacting
with the rf-field is likely to evolve in all the dressed states
(|mF = 0,±1,±2〉A) given by the eq. (6). But the mech-
anism of evaporation and trapping has been described by
4considering only the initial and final states (|mF = ±2〉A)
due to the fast evolution of the spin states into these two
states.
B. Numerical simulation
The process of rf-evaporation as well as trapping of the
atoms in the rf-dressed potential has been studied numer-
ically with the help of a DSMC algorithm, after knowing
the time dependent rf-dressed potential V (r, t) and LZ
transition probability for the atom. An atom interact-
ing with V (r, t), the evolution of the Bosonic ensemble
distribution function f(p, r, t) is given by the Boltzmann
equation in terms of position (r), momentum (p) and
time (t) as [27],[
∂
∂t
+
p
m
.∇r − 1
m
∇rV (r, t).∇p
]
f = I[f ]. (8)
The collision integral I[f ] can be calculated in terms of
the differential scattering cross section dσdΩ and two dis-
tribution function f1 and f2 by using the equation,
I [f ] =
1
m
∫
d3p2
h3
∫
dΩ
dσ
dΩ
|p2 − p1|[f ′1f ′2 − f1f2], (9)
where m is the mass of the atoms, p1 and p2 are the
momentum of the two atoms with their respective dis-
tribution functions f1 and f2. The primed notation de-
notes distribution functions after collision. The differen-
tial cross section can be calculated as,
dσ
dΩ
= |fsc(θ)± fsc(pi − θ)|2 (10)
where the scattering function fsc(θ) is given as,
fsc(θ) =
~
imvr
∞∑
l=0
(2l + 1)(e2iδl − 1)Pl(cosθ), (11)
with vr is the relative velocity of colliding particles, δl is
the phase shift associated with partial wave l, Pl(cosθ)
is the lth order Legendre polynomial and θ is the center-
of-mass scattering angle.
The alternative approach to solve above equations for
continuous distribution function f(p, r, t) is to replace
this ensemble with a swarm of test particles having dis-
crete positions and momentum consistent with the initial
trap configuration and temperature, as per the Bird’s
proposal [23]. These test particles can represent more
than one atoms in the ensemble as “macro atoms” and
reduce the simulation cost of large atom clouds signifi-
cantly. DSMC model simulates the phase space variables,
i.e. position and momentum, of all atoms in the ensemble
for all time steps during the evolution time. The key ap-
proximation in this method is the decoupling of collision
free evolution of the atomic trajectories with the trajecto-
ries incorporating inter-atomic collisions. The dynamics
has been studied by increasing the time in steps smaller
than the mean collision time to ensure the validity of the
decoupling approximation.
To begin with, the whole initial atom cloud is divided
spatially over many cells to gain uniformity in the density
and trapping potential over a cell. These cells are further
split in sub-cells to increase the efficiency of the collision
detection algorithm and parallel processing [27]. In order
to get the collision-less trajectories of the atoms, a sym-
plectic algorithm has been used which can conserve the
total energy of the system over a time scale much longer
than the total simulation time. To evaluate the phase-
space variables in collision-less evolution over a time in-
terval ∆t, the following set of equations in terms of posi-
tion (r), momentum (p) and time estimated position (q)
are used for any ith atom in the ensemble,
qi = ri(t) +
∆t
2m
pi(t),
pi(t+ ∆t) = pi(t)−∆t∇qiV (qi, t),
ri(t+ ∆t) = qi +
∆t
2m
pi(t+ ∆t).
(12)
After deriving the new phase space coordinates of all
the atoms in the ensemble, the collisions are considered
by calculating the collisional probability between the ith
and jth atom in a cell as,
Pij = α
∆t
∆Vc
vrσ(vr), (13)
where α denotes the ratio between the number of test par-
ticles to the actual number of atoms simulated, ∆Vc is
the volume of the cell and σ(vr) is the total cross section.
The actual collision event is then performed based on an
acceptance-rejection method. The momentum compo-
nents of the colliding atoms are then updated with new
momentum values calculated from the classical momen-
tum conservation principle. Repeating this procedure
over all the time steps constituting the total simulation
time results in the complete dynamics of the atom cloud
in the trapping potential.
Further, the DSMC method calculates all the positions
of all the atoms, irrespective of whether an atom, after
the simulation contributes to the formation of the cloud
or not. Hence a region of interest is set to count the
number of atoms in the vicinity of the main atom cloud.
This region is taken wide enough to avoid any critical
dependence of the atom number on the selected region.
Hyperfine spin states are treated semi-classically with all
the atoms initially in the sate |mF = −2〉A and any atom
changes its state only when the transition probability
PLZ of the corresponding atom passes an acceptance-
rejection algorithm.
We note that finding solution of Eq. (12), instead of
solving Eq. (8) which describes the continuous evolution
of the distribution f(p, r, t), can result in fluctuations
other than the physical ones. To minimise these fluctua-
5tions, simulations are repeated for a number of times and
average results are used for the study.
III. RESULTS AND DISCUSSION
A. Experimental procedure and observations
The experiments have been performed on a double
magneto-optical trap (double-MOT) setup which is de-
scribed in detail elsewhere [14]. In this setup, a vapor
chamber MOT (VC-MOT) is prepared in an octagonal
chamber of stainless steal (SS) which has Rb-vapor in
the background. The second MOT, called UHV-MOT, is
prepared in a glass cell at a pressure of ∼ 5×10−11 Torr.
The UHV-MOT is loaded by transferring atoms from the
VC-MOT using a push laser beam. Nearly 2×108 atoms
at temperature ∼250 µK are collected in the UHV-MOT.
The UHV-MOT atoms are then trapped in a quadrupole
magnetic trap, after following a sequence of processes
such as compressed-MOT, optical molasses and optical
pumping to |F = 2,mF = 2〉. Nearly 2 × 107 atoms at
temperature ∼ 200 µK were trapped in the quadrupole
trap after appropriately ramping-up current in the trap
coils (to achieve final axial field gradient of 180 G/cm).
After the complete formation of the quadrupole trap
(which includes 50 ms time for settling the atom cloud
in the trap), an rf-field of variable frequency (ω/2pi) and
amplitude Brf is applied on trapped atom cloud using a
10-turn loop antenna (2 cm diameter) with its axis along
the x-axis. The rf-field is ramped (varied with time) in a
chosen way to convert quadrupole trap into an rf-dressed
toroidal trap. The axis of the quadrupole trap is along
0 3 6 9 12 15
ω/2pi [MHz]
0.0
0.5
1.0
1.5
Ω
0
/
2
pi
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z
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Direction of
frequency ramp
Experimental data
Exponential fit
FIG. 2: Measured variation in the peak Rabi frequency(
Ω0 = (gFµB/~)|Brf |
)
as a function of rf-field frequency dur-
ing the frequency ramp. The continuous curve is an exponen-
tial fit. The error-bar shows the standard deviation between
multiple experimental observations.
(a) (b) (c)
(f)(e)(d)
m640 m640
m160m160
m160
m160
FIG. 3: (Color online) Experimentally observed absorption
images of the cold atom cloud at different instants of time
after starting the ramp of the rf-field : (a) t = 1 sec, (b) t =
1.5 sec, (c) t = 2.5 sec, (d) t = 3.0 sec, (e) t = 4.0 sec and
(f) t = 5.0 sec. The colours from blue to red in all the images
show optical density in increasing order.
the z-axis and the gravity is along the direction opposite
to the y-axis. By applying a resonant probe beam along
the z-axis, the absorption images of the trapped atom
cloud were recorded. As the absorption probe imaging is
an invasive technique, a fresh cycle of experiment starting
from MOT loading to rf-field exposure is run to capture
the image of the atom cloud after changing any experi-
mental parameter. In each experimental cycle, the image
is recorded by setting an appropriate delay in CCD trig-
ger with respect to start of the frequency ramp of rf-field.
During the ramp of the rf-field in our experiments,
the frequency (ω/2pi) of rf synthesizer was varied linearly
with time from 15 MHz to 1 MHz in 5 sec duration. Us-
ing an appropriately designed impedance matching cir-
cuit for the rf-amplifier, the rf-field amplitude Brf was
increased exponentially from 0.1 G to 2 G during the
above frequency variation in the field. Fig. 2 shows the
variation in the rf-field strength (in terms of peak Rabi
frequency Ω0 = (gFµB/~)|Brf |) as function of the rf-
field frequency (ω/2pi) in the ramp. Applying this ramp
of the rf-field, the atom cloud trapped in the quadrupole
trap was transferred to a toroidal/ring trap in our exper-
iments. In the measurements, this rf-field strength Brf
was estimated in the long wavelength approximation by
measuring the rf-current passing through the loop an-
tenna. We note that such a high value of Brf corre-
sponds to the case of non-RWA regime when atom field
interaction is considered. The high value of Rabi fre-
quency enhances the non adiabatic Landau Zener tun-
nelling rate that transfers atoms to trappable dressed
state |mF = 2〉A. During the rf ramp, the temperature
of the atom cloud reduces to ∼ 40 µK in the rf-dressed
trap, after the evaporative cooling phase, from the initial
∼ 200 µK temperature in the quadrupole trap. As shown
in Fig. 3 (images (d)-(f)), the radius of ring increases
61 2 3 4 5
time [s]
0.0
0.5
1.0
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2.0
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Exponential
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FIG. 4: The measured variation in number of atoms (dark
circles) in a trapped cloud during the ramp down of frequency
from 15 MHz to 1 MHz in 5 sec duration. The initial faster
decay of number of atoms in the trap bears the signature of
the rf induced forced evaporation, whereas the slow variation
at the trailing edge shows the trapping of atoms in the rf-
dressed potential having lower losses. The continuous curve
shows the exponential decay in number of atoms. The inset
shows the magnified view of the evolution of number of atoms
in the rf-dressed ring potential.
with time during the ramp. This can be understood as
follows. In the higher frequency regime, i.e. in the be-
ginning of the ramp, the lower coupling strength limits
the height of the central hump in the rf-dressed poten-
tial for the dressed state |mF = 2〉A. This low height of
the potential hump is not sufficient to push atoms away
from the centre of the quadrupole trap. As frequency
decreases further during the ramp, the coupling strength
increases, which gives rise to an increase in the height
of the central hump in the potential. As this height in-
creases, the cold atoms are pushed away from the centre,
which leads to increase in the radius of the ring cloud.
In experiments the atom cloud shows a fast decrease in
number of trapped atoms with time, in the beginning of
the rf ramp. This bears the signature of forced evapora-
tive cooling of the atom cloud. However, in the later part
of the ramp, as the frequency of the rf-radiation reaches
to ∼ 6 MHz at time ∼3 sec, the exponentially increas-
ing coupling strength dominates to modify the potential
landscape. The high value of coupling strength results
in trapping of atoms in the rf-dressed potential in the
toroidal geometry. This is the cause of the reduced loss
rate of atoms after 3 sec of frequency ramp, as shown
in Fig. 4. This is also evident from the Fig. 3 (images
(d)-(f)) which shows the reshaping of atom cloud with
low density in the central regime, indicative of trapping
in the dressed state potential after duration of 3 sec.
B. Numerical results and comparisons
Numerical simulations have been performed to under-
stand these experimental results by considering the in-
teraction of the trapped atom cloud with an rf-field of
time varying amplitude and frequency. Similar to our
experimental conditions, the frequency of the rf-field was
ramped down linearly with time and the corresponding
coupling strength was varied exponentially as a function
of the rf-frequency and shown by the continuous curve in
Fig. 2. We start from an atom cloud with randomized
Gaussian distribution both in position and momentum
space, where the width parameters (σi,σvi , i = x, y, z) are
governed by the temperature of the cloud (200µK) and
the magnetic field gradient of the trap. All the param-
eters used in the simulations were chosen close to their
experimental values, except the number of atoms. The
number of atoms was lower than the experimental value
due to the limited computational speed. At each time
interval, the total number of trapped atoms were calcu-
lated by the region of interest method, described in the
earlier section along with their state. To start with, all
the atoms were considered in |mF = −2〉A state, which
is confined by a rf-dressed state potential having a sin-
gle minimum at the quadrupole trap centre as shown in
Fig. 5 (a). The atom cloud in this potential has a nearly
Gaussian profile for the number density, similar to that
in the bare quadrupole trap. As the frequency of rf-field
is ramped, the parameters of rf-field responsible for trap-
ping atoms in the state |mF = −2〉A change as shown
in Fig. 2. Initially at high frequency and low ampli-
tude of rf-field, the evaporation process takes place which
removes atoms having velocity higher than the average
velocity. As the frequency decreases and the amplitude
increases further, the non-adiabatic LZ transition prob-
ability to |mF = 2〉A state is increased. This results in
trapping atoms in a different potential landscape (Fig.
1) corresponding to this new state |mF = 2〉A, which is
reflected in the number density and cloud shape. Fig. 5
(a) (b) (c)
FIG. 5: (Color online) Simulated atom cloud pictures at dif-
ferent instants of time during the rf-frequency ramp from
15 MHz to 1 MHz in 5 sec. The simulation results are for
initial number of atoms 5 × 104 at temperature 200 µK in
quadrupole trap. The blue colour dots represent particles in
the |mF = −2〉A state and red dots represent particles in
|mF = 2〉A state. The ring with red dots indicates the cloud
trapped in the toroidal geometry. Figures (a) to (c) show the
simulated cloud shapes as frequency ramp progresses.
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FIG. 6: (Color online) Results of numerical simulations show-
ing the variation in number of atoms with time during the
ramp down of rf-field frequency. The curves (a), (c) and (e)
show results of simulations for initial number N0=1 × 106,
whereas (b), (d) and (f) show the results for 1 × 105. The
curves (c) and (d) show number of atoms in |mF = −2〉A
state whereas (e) and (f) show atom numbers in |mF = 2〉A
state. The inset shows the magnified view of the evolution of
number of atoms in different states.
(b) and (c) shows the evolution in the shape and density
distribution of the simulated atom cloud.
The variation in the number of atoms trapped during
the frequency ramp process is shown in Fig. 6. An impor-
tant feature here is the change in the loss rate during the
frequency ramp, with a higher loss rate in the beginning
of the ramp than that towards the end of the ramp (Fig.
6) similar to the experimental observations depicted in
Fig. 4. This is indicative of trapping atoms in rf-dressed
potential towards the end of the ramp, after initial loss
due to rf-field induced evaporation. The rise of popula-
tion in |mF = 2〉A state in Fig. 6 after 3 sec supports
this argument. Towards the end of the frequency ramp
process, the population in |mF = −2〉A state drops to
an extremely small fraction of the initial total number
of trapped atoms, and population in |mF = 2〉A state
reaches the maximum value and becomes the sole con-
tributor to the trapped atom cloud. The hollowness of
the atom cloud in Fig. 5 suggests the trapping of atoms in
the potential landscape of the dressed state |mF = 2〉A.
C. Remarks
In order to explore the results with a more fast ramp
down of frequency of the rf-field, a similar experiment has
been conducted where the frequency ramp down from 15
MHz to 1 MHz was achieved in a 1 sec duration. This fast
ramping resulted a very fast decrease in the number of
atoms in the trap (as shown in Fig. 7), with final number
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FIG. 7: (Color online) The measured variation in number of
atoms (circles) in the trapped cloud with time when frequency
of rf-field is ramped down from 15 MHz to 1 MHz in 1 sec.
The continuous curve is exponential fit to the data and guide
to eyes. The inset shows a similar variation obtained from
simulations for N0 = 1× 105 atoms.
of atoms remaining in the trap after 1 sec was only 0.2%
of the initial number. At the same time, the formation
of the ring trap was also not observable. The numerical
simulations for this fast ramp down (i.e. 1 sec) have also
provided the similar results, which shows the ability of
our simulation to handle such a fast and non-equilibrium
trap dynamics.
Finally, we wish to remark that a further lower tem-
perature in rf-dressed ring trap potential can be achieved
by applying a weak rf field to induce transitions between
the dressed states. The rf-field for that can have a fre-
quency close to the separation between the dressed en-
ergy levels [35]. Due to high Rabi transition rates in
the obtained dressed trap, this weak rf-field under the
non-RWA regime excites population to multiple dressed
manifolds and results in a decrease of the |mF = 2〉A
population at frequencies nω + Ω (n=0,1,2,..). Such ex-
citations are not usually accessible for the trapping in
RWA regime. Presence of these resonances makes this
trap a wonderful tool, not only to study higher order
dressed state transitions, but also to incorporate more
intricate and effective evaporation mechanisms hitherto
not studied.
IV. CONCLUSION
Using the Direct Simulation Monte Carlo (DSMC)
technique, we have studied the dynamics of an atom
cloud during the conversion of its trapping potential from
a quadrupole magnetic trap to an rf-dressed potential of
toroidal shape. This rf-dressed potential for the toroidal
trapping of atoms is formed when atoms trapped in a
8quadrupole trap are exposed to an rf-field with time vary-
ing frequency and amplitude. The results of simulations
have provided an insight into the processes governing
the atom cloud parameters. It is found that, initially
at low rf coupling strength, the evaporative cooling dom-
inates, whereas at higher coupling strength trapping of
atoms occurs in the rf-dressed potential. The predic-
tions of the simulations have been found adequate to
explain the experimental observations. The work pre-
sented in this article can be extended to study the non-
equilibrium trap dynamics with more sophisticated evo-
lution of trapping potential, including the potential evo-
lution beyond the rotating wave approximation. Using
similar simulations more useful and effective evaporation
and rf-dressing schemes can be explored.
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Appendix
The interaction Hamiltonian can be written in terms of
the detuning element a = (|BS(r)|− ~ωgFµB ) and conjugate
Rabi elements, b = (Brf⊥1 − iBrf⊥2eiγ) and b∗,
HI =
H
gFµB
=

2a 12b 0 0 0
1
2b
∗ a
√
6
4 b 0 0
0
√
6
4 b
∗ 0
√
6
4 b 0
0 0
√
6
4 b
∗ −a 12b
0 0 0 12b
∗ −2a
 . (A.1)
Diagonalizing this Hamiltonian one can obtain all the
associated dressed eigen values (λ),
λ = 0,±1
√
a2 +
|b|2
4
,±2
√
a2 +
|b|2
4
, (A.2)
and eigen states in a compact form,
|mF = j〉A =
F∑
k=−F
Cjk|mF = k〉, for j = −F, ..., F
(A.3)
where the subscript A stands for the adiabatic dressed
states. The coefficients Cjk are the matrix element of an
unitary matrix provides mapping between the bare and
dressed state basis. All the F × F Cjk coefficients can
be written in terms of a, b and d =
√
4a2 + |b|2. For
a particular energy eigen value (λ = 0) the calculated
coefficients are,
C02 =
√
3|b|2
D
,C01 = −
4
√
3ab
D
,
C00 =
√
2(8a2 − |b|2)
D
,C0−1 =
4
√
3ab∗
D
C0−2 =
√
3|b|2
D
,D = [96a2b2 + 2(8a2 − b2)2 + 6b4] 12
(A.4)
All other coefficients corresponding to other eigen val-
ues can also be evaluated by following the same proce-
dure. As these coefficients entail the contribution of any
bare state in different dressed states, determination of a
coupling strength suitable for either the evaporation or
the dressed state requires the determination of the coef-
ficients also.
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